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Brane gas-driven bulk expansion as a precursor stage to brane inflation 
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We propose a new way of obtaining slow-roll inflation in the context of higher dimensional models 
motivated by string and M theory. In our model, all extra spatial dimensions are orbifolded. The 
initial conditions are taken to be a hot dense bulk brane gas which drives an initial phase of isotropic 
bnlk expansion. This phase ends when a weak potential between the orbifold fixed planes begins 
to dominate. For a wide class of potentials, a period during which the bulk dimensions decrease 
sufficiently slowly to lead to slow-roll inflation of the three dimensions parallel to the orbifold fixed 
planes will result. Once the separation between the orbifold fixed planes becomes of the string scale, 
a repulsive potential due to string effects takes over and leads to a stabilization of the radion modes. 
The conversion of bulk branes into radiation during the phase of bulk contraction leads to reheating. 

PACS numbers: 98.80.Cq 


1. Introduction: The Inflationary Universe scenario 
0 (see also has been extremely successful phe¬ 

nomenologically. It has provided a solution to some of 
the key problems of standard cosmology, namely the hori¬ 
zon and flatness problems, and yielded a mechanism for 
producing primordial cosmological perturbations using 
causal pWsics, a mechanism which predicted nil (see 
also 13) H) almost scale-invariant spectrum of adia¬ 
batic cosmological fluctuations, a prediction confirmed 
more than a decade later to high precision by cosmic mi¬ 
crowave background anisotropy experiments p.l3 [l(llllf . 

However, it has proven difficult to find convincing real¬ 
izations of inflation in the context of quantum field the¬ 
ory models of matter in four space-time dimensions. It 
is usually assumed that the quasi-constant potential en¬ 
ergy of a slowly rolling scalar field (the so-called “infla- 
ton”) leads to the accelerated expansion which inflation 
requires. The Standard Model of particle physics, how¬ 
ever, does not contain a scalar field whose dynamics leads 
to slow-rolling. In single field models with a renormal- 
izable potential, field values larger than rupi (the four¬ 
dimensional Planck mass) are required in order to ob¬ 
tain slow-rolling as a local attractor in the phase space 
of homogeneous solutions to the scalar field equations of 
motion |l2| . 

Superstring theory and M-theory, on the other hand, 
contain a lot of degrees of freedom which at the level of 
the four space-time dimensional effective field theory are 
described by scalar fields. Supersymmetry ensures that 
some of these fields (the so-called “moduli fields” are suf¬ 
ficiently weakly coupled to provide potential candidates 
to be an inflaton. 

In the context of brane world cosmology mill , an ap¬ 
pealing possibility is that the separation between a brane 
and an antibrane mm can serve as the inflaton. A 
problem with the proposed constructions, which were all 
in the context of a static bulk, was that the bulk size was 
generically too small to allow for the large values of the 
inflaton field required to gen erate inflation. This prob¬ 
lem was addressed in m • Another possibility is to 
have topological brane inflation m , but this construc¬ 


tion also requires special parameters in order to obtain a 
wide enough brane. 

The constructions mentioned in the previous para¬ 
graph were all done in the context of phenomenological 
field theoretical models inspired by string theory. After 
the discovery that flux constructions can lead to a stabi¬ 
lization mechanism for most moduli fields of string theory 
1^ m ) ^ kt of attention (beginning with 
focused on how to obtain inflationary models in the con¬ 
text of flux compactifications (see for reviews and 
comprehensive lists of references). These constructions 
are, once again, in the context of static bulk configu¬ 
rations, and have to assume very special configurations 
(special configurations of branes and special flux choices). 

In this paper, we present a new model of brane in¬ 
flation. In contrast to previous constructions, the dy¬ 
namics of the bulk dimensions is essential to our model. 
Also, in contrast to previous constructions, we start with 
initial conditions which we consider to be very natural, 
namely a hot brane gas in the context of an initial uni¬ 
verse in which all spatial dimensions are democratically 
small (of the string scale), similar to what is assumed 
in “st ring gas cosmology” and its brane generaliza¬ 
tions |26l 1^ 113 1131 )■ The hot brane gas leads to an 
initial phase of isotropic bulk expansion (Phase 1 of our 
cosmology). During this phase, the bulk energy density 
decreases. 

The isotropy of space is explicitly broken by our as¬ 
sumption that the extra spatial dimensions are orb¬ 
ifolded. This leads to the existence of orbifold fixed 
planes. We assume the existence of a weak attractive po¬ 
tential between the orbifold fixed planes ^3 ■ Eventually, 
the associated potential energy will begin to dominate the 
dynamics and will lead to a contraction of the dimensions 
perpendicular to the orbifold fixed planes (Phase 2). We 
will consider a potential of the form 

= ( 1 ) 

where r is the separation of the orbifolds, and n is an 
exponent which we will fix later. Such a potential could 
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emerge from charges on branes pinned to the orbifold 
fixed planes. We will show that such a potential can lead 
to slow-roll inflation. The inflationary slow-roll parame¬ 
ters are set by the coefficient /i = (where A has 

dimensions of energy) which characterizes the strength of 
the potential. The requirement of a sufficient number of 
e-foldings to solve the cosmological problems of standard 
cosmology 0| sets an upper bound on A. 

Once r decreases to the string scale, a repulsive poten¬ 
tial created by stringy effects will take over. The compe¬ 
tition of the repulsive short range force and the attractive 
long range force, together with the continued expansion 
of space parallel to the orbifold fixed planes, will lead to 
a stabilization of r. This stabilization scenario is an ap¬ 
plication of the mechanism of radion stabilization which 
has recently been studied extensively in the context of 
string gas cosmology ^3) 1^ 113 (see for a short re¬ 
view). Either during Phase 2, or once the separation of 
the orbifold fixed planes has decreased to the string scale, 
the bulk branes annihilate and decay into radiation. This 
leads to a smooth transition into the radiation phase of 
standard cosmology. 

Note that a very similar setup was used recently 
to construct a non-inflationary solution to the ent ropy 
and horizon problems of standard cosmology. In |34| . 
we assumed that the inter-brane potential was conhn- 
ing, a potential of the type that could be generated by 
non-perturbative effects. Here, we take the potential o 
which could come from string exchange between branes 

2. The Model: Our starting point is a topology 
of space in which all but three spatial dimensions are 
orbifolded, and the three dimensions corresponding to 
our presently observed space are toroidal. Specihcally, 
the space-time manifold is 

M = TZxT^ X , (2) 

where stands for the three-dimensional torus, and d 
is the number of extra spatial dimensions, which we will 
take to be either d = 6 in the case of models coming 
from superstring theory, or d = 7 in the case of models 
motivated by M-theory. We will assume that there is a 
weak force between the orbifold hxed planes given by the 

potential m EH- 

As our initial conditions, we take the bulk to be hlled 
with a gas of p-branes, as in our previous work |34|. In 
the context of Type IIB superstring theory we will have 
D-branes with p = 3, in the case of heterotic string the¬ 
ory or taking the starting point to be M-theory, we have 
Neveu-Schwarz 5-branes (p = 5). 

Assuming that the universe starts out small and hot, 
it is reasonable to assume that the energy density in 
the brane gas will initially be many orders of magnitude 
larger than the potential energy density generated by the 
force between the orbifold fixed planes. Thus, initially 
our universe will be expanding isotropically. As shown 
in |34|. this expansion is non-inflationary. During this 
phase (Phase 1), the bulk energy density will decrease. 


Hence, eventually the inter-orbifold potential will begin 
to dominate. At this point, the cosmological evolution 
will cease to be isotropic: the directions parallel to the 
orbifold hxed planes will continue to expand while the 
perpendicular dimensions begin to contract: this marks 
the beginning of Phase 2. In the following we will show 
that for a wide class of potentials, the expansion of our 
dimensions will be inflationary. 

The metric in the non-isotropic phase (and in the ab¬ 
sence of spatial curvature) is given by 

ds^ = dt^ — a{t)^dyp‘ — 6(t)^dy^ , (3) 

where x denote the three coordinates parallel to the 
boundary planes and y denote the coordinates of the per¬ 
pendicular directions. Hence, the radius r of the dimen¬ 
sions perpendicular to the orbifold hxed planes is given 

by r{t) = lsh{t). 

We will analyse the evolution during Phase 2 using a 
four-dimensional effective held theory, where we replace 
the radion h{t) by a scalar held In order that (/? 

be canonically normalized when starting from the higher 
dimensional action of General Relativity, (p and b must 
be related via (see e.g. [^, Appendix A for a review) 

(fi = V^mpi\og{b). (4) 

If the bulk size starts out at the string scale, then 
b{tb) = I, where tb is the initial time. With these normal¬ 
izations, tp = 0 corresponds to string separation between 
the branes. The dimensional reduction of the higher di¬ 
mensional gravitational action to the four space-time di¬ 
mensional Einstein frame action yields the following ef¬ 
fective potential for p 

V,ff{p) = lib{p)-'^V{T{p)). (5) 

Note that the dilaton is assumed to be hxed, and the 
dilaton-dependence of the potential is neglected. From 
the potential o and inserting the relation 0 we obtain 

Veff{p) = 

= , ( 6 ) 

where we have dehned a constant a = {d + n)/ -s/M. As 
an example, for n = 1 and d = 6 we obtain a = 2.02. 

To ensure vanishing of the four-dimensional cosmolog¬ 
ical constant today, we must add a positive constant Vq 
to the effective potential ©■ If the stabilization radius 
of the extra dimensions is the string scale Is, then Vq is 
given by 

Vo = . (7) 

From the form of the potential, it should be expected 
that a period of slow-roll inhation is possible as long 
as the initial value of p at the beginning of Phase 2 is 
larger than rupi. The special feature of our scenario (and 
the major advantage compared to previous versions of 
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brane inflation), is that such large values of ip dynami¬ 
cally emerge and do not have to be Inserted as ad hoc 
initial conditions. 

In our scenario, inflation has a graceful exit. Once 
the orbifold fixed planes reach a microscopic separa¬ 
tion, Kaluza-Klein momentum modes of strings (e.g. the 
momenta of the massless states produced at enhanced 
symmetry points ) p roduce a repulsive potential which 
scales as 6“^ |33, Hg and hence on short distances over¬ 
whelms the large-distance attractive potential (provided 
n < 2). The Interplay between this repulsive potential 
which dominates at small separations and the attractive 
potential which dominates at large distances, coupled to 
the expansion of the three dimensions parallel to the orb¬ 
ifold fixed planes, will lead to the stabilization of the ra- 
dion modes at a specific radius (presumably related to 
the string scale). In the context of heterotic string the¬ 
ory, we could use the string states which are massless 
at the self-dual radius to obtain stabilization of the ra- 
dion modes at the self-dual radius (see also [13 )■ 

These modes would also ensure dynamical shape moduli 
stabilization [13 . The branes decay Into radiation either 
during or at the end of Phase 2. This brane decay is the 
main source of reheating of our three dimensional space. 
We denote the time of radion stabilization and reheat¬ 
ing by tn. After reheating, our three spatial dimensions 
emerge In the radiation phase of standard cosmology. 

3. The Phase of Bulk Expansion; The phase of 
Isotropic bulk expansion (a(t) = b{t)) proceeds as dis¬ 
cussed in [ 13 . The equation of motion for a{t) is 

- + (2 + rf)(-) = 3 + ( 8 ) 


where p is the energy density and P denotes the pres¬ 
sure. Making use of the equation of state P = wp, and 
inserting the Einstein constraint equation 


((3 + df - S-d)H^ = WirGp , 
where H = d/a, we obtain power law expansion 
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i{t) ^ with a = 


(3 -I- fi)(l -I- w) 


(9) 

( 10 ) 


In the case of bulk energy dominated by the tension of 
p-branes, we have 


w 


P 

3-bd ■ 


( 11 ) 


Thus, in the example motivated by perturbative Type 
IIB superstring theory, (d = 6 and p = 3) we obtain 
a = 1/3. Starting with heterotic string theory (d = 6 
and p = 5) we obtain a = 1/2, and for M-theory (d = 7 
and p = 5) we get a = 2/5. Thus, the phase of bulk 
expansion is non-inflationary. 

4. The Period of Inflation: The period of bulk 
expansion ends when the bulk potential energy becomes 
equal to the bulk brane energy density. The bulk energy 
density in Phase 1 scales as 


Pi{t) ^ a(t)-^-3+P (12) 


Assuming that the initial bulk energy density Is given by 
the string scale, i.e. 

p,{u) ^ ( 13 ) 

where ti, denotes the Initial time, then the transition be¬ 
tween Phase 1 and Phase 2 takes place at a time ti given 
by 

6(ti)-(^+3-P-") = (A4)'^’^'‘”". (14) 

The value of the radion ip at this time is given by 

p{ti) = VMmpi\og{b{ti)). (15) 

Since p is canonically normalized, Its equation of motion 
is given by (see the form of the effective potential of ®) 


ip + 3Hip = -A:i+d-nid-n_2Le-^v/m^l (10) 

rupi 


The slow-roll conditions are satisfied provided: 


:p > log |l-I-. (17) 

Thus, to get N efolding of Inflation, the initial value of 
p should exceed the bound 

¥>(^0 >-^ log |a^(Af-I-1)-b l| (18) 

leading to the condition 


Isk < 


a^{N + l) + l 


d+S—p—n 

\/^a(d+4:-n) 


(19) 


which allows A of order of the string scale. 

We conclude that, provided the bound m on the en¬ 
ergy scale A is satisfied. Phase 2 will provide a sufficient 
length of Inflation of our three spatial dimensions, infla¬ 
tion driven by the slow rolling of the modulus field. 

5. Discussion and Conclusions: In this paper we 
have proposed a new way of obtaining inflation in the 
context of theories with extra dimensions and branes. 
We assume that our three spatial dimensions are singled 
out by the orbifold construction of n, and that there is 
a weak potential between branes pinned to the orbifold 
fixed planes. We assume attractive potentials such as 
could emerge If opposite charges were localized on the 
two branes. 

In our scenario, the universe begins small and hot, 
filled with an isotropic gas of branes. This brane gas 
drives a period of isotropic bulk inflation which contin¬ 
ues until the potential between the branes localized on 
the orbifold fixed planes becomes dominant. We have 
shown that the potential of the radion supports a period 
of slow-roll inflation. The new feature of our model com¬ 
pared to other models of brane Inflation is that the large 
values of the radion required to obtain sufficient infla¬ 
tion are dynamically generated during the phase of bulk 
expansion. 
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Inflation ends when the radion shrinks to string-scale 
values, the bulk branes annihilate into radiation, and the 
radion becomes stabilized by string gas effects. 

An interesting lesson obtained by comparing _ our 

present results with those of our preceding paper is 
that the details of the potential between the orbifold fixed 
planes is very important in determining the evolution of 
our three spatial dimensions. For a sufficiently confining 
potential, our three spatial dimensions never undergo a 
period of accelerated expansion - but the period of bulk 
expansion still enables us to solve the horizon and entropy 
problems because the energy density of the brane gas pro¬ 
jected onto the orbifold fixed planes does not decrease. 


The condition on the power n appearing in the potential 
o in order to obtain inflation is n < d + 3—p. This limit 
mirrors the requirement that orbifold fixed plane poten¬ 
tial is diluted slower than energy density of p-branes in 
the bulk. 
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